The ozonolysis of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) adsorbed on salt mixtures as models for sea-salt particles was studied in real time using diffuse reflection infrared Fourier transform spectrometry (DRIFTS) at room temperature with and without added water vapor. The salt substrates were a mixture of MgCl 2 Á6H 2 O with NaCl or a commercially available synthetic sea salt. Ozone concentrations ranged from (0.25 to 3.9) Â 10 13 molecules cm À3 (0.1-1.6 ppm). The major products identified by FTIR and confirmed using matrix-assisted laser desorption/ionization (MALDI) mass spectrometry were the secondary ozonide (SOZ) and a phospholipid aldehyde and carboxylic acid formed by scission of the double bond. The reaction probabilities for the two substrates were similar, g = (6-7) Â 10 À7 , with an estimated overall uncertainty of a factor of two. The presence of water vapor decreased the yield of SOZ relative to the products formed by CQC scission, but also increased the availability of the double bond for reaction, particularly on the less hygroscopic commercial sea-salt substrate. Thus, water not only affects the mechanisms and products, but also the structure of the phospholipid on the salt in a manner that affects its reactivity. The results of these studies suggest that the reactivity and products of oxidation of unsaturated phospholipids on sea-salt particles in air will be very sensitive to the nature and phase of the substrate, the amount of water present, and whether there is phase separation between the organics and the inorganic salt mixture.
Introduction
Sea-salt aerosol (SSA) plays an important role in many chemical and physical atmospheric processes, with an estimated annual production of 5 Â 10 15 g. 1 It is a large contributor to atmospheric particulate matter, especially over oceans. [1] [2] [3] [4] [5] [6] [7] Aerosol particles adversely affect visibility and human health, and also have well-documented effects on the chemistry 8, 9 and radiative balance of the atmosphere. 6 Thus, they affect incoming and outgoing radiation directly by scattering light, and indirectly through their ability to act as cloud condensation nuclei and their effects on cloud albedo. 6 This is a major area of uncertainty in attributing sources of climate change. 6 SSA particles are formed predominantly via bubble bursting on the surface of the ocean [1] [2] [3] [4] and acquire an organic coating during this process. [10] [11] [12] [13] Organic compounds in SSA particles are expected to come from organisms and their decomposition in the ocean, among other sources, and include lipids, proteins, and carbohydrates. [14] [15] [16] [17] [18] [19] [20] [21] The organic component of SSA can make up more than half of SSA particles by mass during phytoplankton blooms. 22, 23 The presence of organics will affect the particles' properties and ability to act as cloud condensation nuclei, [24] [25] [26] as well as the exchange of gases with the atmosphere. 9 Understanding the oxidation of the organic component of SSA particles in the atmosphere is important because this may modify the particle properties. 27 In previous studies, 28 the ozonolysis of 1-oleoyl-2-palmitoylsn-glycero-3-phosphocholine (OPPC) on NaCl was studied using diffuse reflection infrared Fourier transform spectrometry (DRIFTS). [29] [30] [31] [32] This technique, which can be used with any infrared transparent substrate, 31, 33 allows changes in the solid mixture to be followed as a function of reaction time. While NaCl is the major component of sea salt, it may not represent all of the properties found in sea-salt particles, which are much more complex mixtures. 1, 34, 35 A significant difference is the presence of hygroscopic salts such as magnesium chloride. Magnesium is the second most abundant cation in sea salt. The molar ratio of sodium to magnesium in sea salt is 8.9:1. 34, 35 In this work, the room temperature ozone oxidation of the phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), a naturally-occurring isomer of OPPC (which is expected to have the same reactivity as OPPC), adsorbed on either a mixture of MgCl 2 Á6H 2 O with NaCl or on a commercially available synthetic aquarium sea salt was studied. It is shown that even small amounts of adsorbed water have an effect on the product distributions, as well as on the availability of the double bond for reaction and hence the reaction probability. Under atmospheric conditions, these model systems may be applicable to mixed sea-salt/organic particles where there is liquid-liquid phase separation. [36] [37] [38] [39] Experimental section . The relative amounts of POPC and salt were chosen so that the phospholipid would form a monolayer if evenly distributed over cubic salt particles 2 mm on a side. The mixture of POPC and Instant Ocean s was stirred under a stream of ultra-high purity (UHP) N 2 (Oxygen Service Company, 99.9995%) to evaporate the solvent. The coated salt, referred to as POPC/IO, was ground for a few seconds in a mortar and pestle to break up clumps and placed in a glass trap that was evacuated to a pressure of B10
À3
Torr for one hour on a vacuum manifold to remove weakly bound water. A separate set of samples was also prepared by mixing MgCl 2 Á6H 2 O (0.14 g) with NaCl (0.36 g) and POPC solution (0.40 mL) to yield samples with a molar ratio of sodium to magnesium of 8.9 : 1. 34, 35 The POPC/MgCl 2 Á6H 2 O/ NaCl samples were treated as described above for POPC/IO samples.
DRIFTS
Reactions of POPC/IO or POPC/MgCl 2 Á6H 2 O/NaCl with ozone were performed at 293-295 K at a pressure of 1 atm in a gas flow system described in detail elsewhere. 28 Changes in the adsorbed organic were monitored as a function of time using DRIFTS. The DRIFTS sample holder was filled with 0. and 20% RH, respectively).
MALDI-TOF-MS
Matrix-assisted laser-desorption/ionization-time-of-flight-mass spectrometry (MALDI-TOF-MS) was used to confirm the identification of products after reaction with ozone. Samples were prepared for mass spectrometric analysis by dissolving 20 mg of the reacted sample in a mixture of 80 sample of this solution was placed on a 384-well stainless steel plate and 0.5 mL of a saturated solution of 2,5-dihydroxybenzoic acid (Fluka, 99.5%) in 2 : 1 water : acetonitrile was added as the matrix material. Positive ion mass spectra were recorded using 1000-5000 accumulated shots with the laser pulsing at 400 Hz in reflectron mode on an AB/Sciex 5800 TOF/TOF instrument.
Results and discussion
Identification of products and branching ratios DRIFTS spectra of POPC/NaCl, POPC/IO and IO alone are shown in Fig. 1 (POPC structure is shown in Fig. 1a ). Spectra are given as log 10 (S 0 /S 1 ) where S 0 is the single beam spectrum of NaCl and S 1 is the single beam spectrum of the sample. This approach was established in earlier studies of similar systems 32 to be more appropriate for quantitative analysis than the Kubelka-Munk function. Because NaCl is infrared transparent, the peaks in Fig. 1a can be assigned to functional groups in the phospholipid. Peaks due to the hydrocarbon groups occur at 2960 cm À1 (n asym str , -CH 3 ), 2920 cm À1 (n asym str , -CH 2 -) and 2850 cm À1 (n sym str , -CH 2 -), and 1470 cm À1 (n scissor , -CH 2 -,
. 50 A smaller peak due to the vinyl H-CQC stretch at 3008 cm À1 is also seen. Contributions from the PO 2 À group at 1255 and 1095 cm À1 , the two ester carbonyl groups stretch at 1735 cm À1 and the C(O)-O-C asymmetric stretch at 1180 cm À1 are also evident (the symmetric stretch of the latter is the shoulder on the low frequency side of the PO 2 À symmetric stretch at 1095 cm À1 ). [50] [51] [52] Seawater and the sea-salt particles derived from it contain a number of minor components in addition to NaCl. 34 Despite these strong overlapping absorptions due to the substrate, changes in POPC upon reaction with gas phase ozone can be readily followed with time by using the single beam spectrum just before reaction as the reference. This allows small changes in the presence of a large ''background'' to be followed quantitatively, as has been done for example, for the oxidation of self-assembled monolayers. [53] [54] [55] [56] ) decrease. Ozone reacts with the double bond in POPC via the Criegee mechanism (Scheme 1). [57] [58] [59] [60] In the gas phase, the Criegee intermediates (CI) are formed with excess energy and can decompose, or be collisionally stabilized and react further with such species as water or aldehydes. [59] [60] [61] [62] [63] [64] [65] [66] When the reaction occurs in/on a condensed phase as in the present studies, the CI would be expected to be stabilized to a much greater extent than in the gas phase. As discussed in more detail below, the smaller fragments such as nonanal would be expected to be sufficiently volatile to be removed in the gas stream, leading to loss of -CH 2 -groups as observed. During the reaction, new bands are observed during the reaction at 1743 and 1710 cm À1 (Fig. 2) . These are assigned to in the Instant Ocean spectra (Fig. 2a) is largely obscured by small changes in the strong sulfate band in that region (Fig. 1b) . Changes at 2950 cm À1 and 2880 cm À1 were also observed in studies on ozonolysis of OPPC/NaCl. 28 These changes were assigned to H-C stretches of the ring carbons of the SOZ. In some studies of alkene ozonolysis on surfaces, new bands in this region were assigned to methyl groups, [74] [75] [76] but the spectral region that carries the characteristic C-O stretch of the SOZ at lower wavenumbers was not experimentally accessible in those studies. The simultaneous formation of The change in intensity of the -CH 2 -bands at 2920 and 2850 cm À1 can be used to examine the distribution of major products. If all of the CI and aldehyde formed simultaneously recombined to form SOZ (Scheme 1), no loss of -CH 2 -and hence no change in the bands at 2920 and 2850 cm À1 would be observed.
However, if this recombination is not 100% efficient and the 9-carbon compounds formed from scission of the double bond are volatile, they will be removed from the surface into the gas stream, which is not detectable by DRIFTS. This would result in loss of intensity at 2920 and 2850 cm
À1
, as is observed. In the extreme case that all of the C 9 fragments were pumped away, seven out of 32 -CH 2 -groups in each POPC molecule would be lost, and the bands at 2920 and 2850 cm À1 would decrease in intensity by 7/32 of the initial value. The fractional loss of -CH 2 -groups can therefore be used to estimate the branching ratio for reactions (4) + (5) in Scheme 1 compared to reaction (3) to form SOZ:
À Á ðIÞ
In eqn (I), DA is the change in absorbance of -CH 2 -at 2850 or 2920 cm À1 at the end of the reaction, A initial is the corresponding initial absorbance and their ratio represents the fractional loss of -CH 2 -groups. For POPC/IO, the fractional loss of -CH 2 -groups averaged over the 2920 and 2850 cm À1 bands was 0.10 AE 0.02 (1s), which gives a branching ratio from eqn (I) of 0.45 AE 0.11 (1s). That is, 45% of the ozonolysis of POPC on IO results in CQC bond scission and loss of the C 9 fragment, implying that the remaining 55% gives SOZ. For POPC/MgCl 2 Á6H 2 O/NaCl, the fractional loss of -CH 2 -groups averaged over the 2920 and 2850 cm À1 bands was 0.11 AE 0.02 (1s), which gives a branching ratio of 0.50 AE 0.10 (1s), i.e., half of the reaction forms fragments and the other half SOZ. In short, the branching ratio is the same within experimental error for both substrates, 0.5 AE 0.1 (1s). This analysis assumes that the C 9 products are removed from the surface. In studies of the oxidation of the analogous OPPC on a water subphase, it was shown using authentic samples of gas phase nonanal that about half of the aldehyde generated in the reaction was taken up into the aqueous subphase. 43 While there is water on the salt in the present studies, it is not expected to be nearly as efficient in nonanal uptake as liquid water, particularly given the lowering of organic solubilities due to the salting out effect. 78 Hence on the synthetic sea salt used here, the assumption that nonanal does not remain on the salt is reasonable. Nonanoic acid, however, has been observed to remain in the condensed phase upon ozonolysis of oleic acid or sodium oleate particles. 79, 80 Since this analysis assumes that all C 9 fragments formed are removed from the salt, it gives a lower limit for the branching ratio for reactions (4) + (5), and hence an upper limit of B50% for reaction (3) to form SOZ. However, in one experiment, air was left flowing over the sample after oxidation; no change in the negative peaks at 2920 and 2850 cm À1 was observed over the course of an hour, suggesting products on the salt were not volatile.
Kinetics
The ozone concentration remains constant in these experiments because the ozone-air mixture is flowing through the sample and is continually refreshed. The initial rate of loss of POPC is given by eqn (II), , using this peak to follow the kinetics is not feasible. As an alternative, the formation of the product SOZ which has relatively strong bands at 2950 and 2880 cm À1 was used to extract the rate constant based on the reactions in Scheme 1. If POZ and CI are in steady-state, their concentrations are given by eqn (III) and (IV) respectively:
The rate of SOZ formation is then given by: (Fig. 3b) trends to a common value of B0.15 at all ozone concentrations, as expected for complete reaction of POPC. However, for POPC/IO (Fig. 3a) , this is only true at higher ozone concentrations. A potential reason for this difference is that not all of the POPC double bonds are available for reaction on IO, but they are on MgCl 2 Á6H 2 O. The major difference between these substrates is in their hygroscopicity. Magnesium chloride is more hygroscopic. For example, this salt was observed to deliquesce readily in room air, whereas IO does not. Thus, even without added water vapor, one might expect the surface POPC film to be more liquid-like than on IO. This fluidity should enhance the accessibility of the double bond to incoming gases, as suggested by molecular dynamics simulations. 81 To test this, experiments were carried out in which water vapor was also present at relative humidities up to 1. (1.6 ppm). Adding water vapor has an effect on reactions in other systems, 82 but in this case, as discussed above, water is already present on the samples because of the hygroscopic nature of the salts. Adding water vapor increases the ''background'' on which changes in POPC occur. However, differences are still observed between experiments in dry air and those with added water vapor. Fig. 4 shows typical spectra, normalized for the initial amount of POPC, of (a) POPC/IO and in the CQO region, consistent with increased reaction of CI with water to give non-hydrogen bonded carboxylic acid products.
To examine the change in SOZ relative to the alternate channels that generate acid and aldehyde (Scheme 1), changes in the SOZ absorbance at 2950 cm as the water vapor concentration is increased further. The shape of these curves is determined primarily by the decrease in the SOZ absorbance, with much smaller changes due to -CH 2 -. This suggests that even relatively small amounts of water vapor are sufficient to trap at least some of the Criegee intermediate, decreasing the SOZ yield. The smaller change in the -CH 2 -loss suggests that increasing amounts of the C 9 products are retained on the salt surface as the water vapor concentration increases, which is expected particularly for acids which tend to be relatively ''sticky'' as well as more soluble than aldehydes. As mentioned above, retention of product carboxylic acids in the condensed phase has been reported, for example, in the ozonolysis of oleic acid or sodium oleate particles. 79, 80 A decrease in the amount of SOZ formed and increase in carbonyl compounds, especially carboxylic acids, with added water vapor has been observed previously for ozonolysis of unsaturated phospholipids on NaCl. 28 While carboxylic acids are formed in the absence of water via isomerization of the CI, 59, 60, 62, 83 they are also known to be formed in the reaction of CI with water. 59, 60, 62, 64, 65, 84, 85 The increase in acids and decrease in SOZ are thus consistent with known ozonolysis reactions. The reaction of the CI with water is also known to form hydroxyhydroperoxides which can decompose to generate aldehydes and hydrogen peroxide. 61, 64, [86] [87] [88] [89] [90] [91] [92] [93] Adding water vapor to the gas stream may not only affect the product distribution but also the kinetics if it affects the fluidity of the POPC film on the surface. This is consistent with the increase in [SOZ] N with [O 3 ] 0 for POPC on IO but not on magnesium chloride. Thus, if the latter already holds sufficient surface water that the POPC on the surface behaves like a dynamic, fluid film, then the double bonds will be more readily accessible under all reaction conditions. However, on the less hygroscopic IO in the absence of added water vapor, this is not the case. Addition of water vapor to POPC/IO increases the fluidity of the film and availability of CQC for reaction. This is supported by the observation that the rates of formation of SOZ increase with water vapor on IO (Fig. 6) , although the relative yield of SOZ decreases when water vapor is added (Fig. 5) . That is, gaseous water increases the availability of the double bond for reaction and hence the rate of product formation, but also impacts the chemistry by intercepting the Criegee intermediate, lowering the SOZ yield. While the relative yield of SOZ decreases with water vapor for the magnesium chloride substrate (Fig. 5) as well, the trend in the rates of SOZ formation with water vapor concentration was smaller than that for IO (Fig. 6) , consistent with the greater fluidity of the film and greater availability of the double bond.
The fact that SOZ is still observable at 1. 94 and methyl oleate in aqueous micelles of sodium dodecyl sulfate 95 where the yields of SOZ were 11%, compared to 89% for the methyl oleate reaction in hexane. SOZ production was also observed in the reaction of O 3 with 1-palmitoyl-2-oleoyl-sn-phosphatidylglycerol surfactant on a 1 : 1 water-methanol solution. 93 A similar and even more dramatic effect on the final SOZ yield was seen in earlier studies on NaCl where the rate of SOZ formation increased with O 3 and the SOZ yield decreased with added water vapor. 28 In this case where there is very little water vapor on the surface and the POPC will not be a fluid film, the ozone reaction itself may cause disruption of the arrangement of surface POPC by reacting with those double bonds that are accessible. Loss of C 9 fragments would result in increased disorder, making new double bonds more accessible to ozone. The effect would be expected to be largest at the highest ozone concentrations, as observed. This suggests that a similar effect may also be at work for POPC/IO. Support for such an effect comes from studies of phospholipid monolayers in which oxidation disrupted the structure of the monolayer. 96, 97 In a related system, oxidation of phospholipid bilayers with scission at the CQC bond was also predicted to disrupt the structure, forming pores and increasing permeability. [98] [99] [100] [101] Eqn (VIII) predicts that plots of (dA 2950 /dt) Â (1/A 2950 ) N versus [O 3 ] 0 should be linear, consistent with the data shown in Fig. 7 . The values obtained for k 1 from the slopes of the least squares lines for the two substrates are the same within experimental error (1s),
for POPC/IO and
for POPC/MgCl 2 Á6H 2 O/NaCl. Note that the systematic error associated with the value for the POPC/IO will be larger due to the lack of full availability of the double bonds for reaction at lower ozone concentrations. Despite this, the least squares line for POPC/IO in Fig. 7 has an intercept very close to 0. From collision theory, the reaction probability (g) is related to the loss of POPC by
where R is the gas constant, T is the temperature (K), and M O 3 is the molar mass of ozone. The left side of eqn (IX) can be obtained from eqn (II) assuming a surface concentration of POPC 28 of 1.6 Â 10 14 molecules cm À2 and the values derived above for k 1 . This gives g = (7 AE 3) Â 10 À7 (1s) on the IO substrate and g = (6 AE 1) Â 10 À7 (1s) for magnesium chloride/ NaCl. Given the experimental challenges, small signals and quantitative reproducibility from run to run (Fig. 7) , we estimate the overall uncertainty in the reaction probabilities is a factor of two. In previous studies of ozonolysis of a monolayer of POPC on liquid water, lower limits for the reaction probabilities of g Z (3-4) Â 10 À6 were reported 42, 43 and a corrected value on solid NaCl 28 is g = (3-6) Â 10 À8 . As discussed earlier, the amount of water present in the system affects the accessibility of the double bond and hence the reaction probability. The trend in reaction probability with water vapor concentration supports this interpretation in that the reaction is faster when the phospholipid is spread as a fluid film on water.
Atmospheric implications
Sea-salt particles under most atmospheric conditions will be liquid. 102 Although the deliquescence and efflorescence relative humidities at 298 K of the major component, NaCl, are 75% and 44% respectively, 48, [103] [104] [105] sea salt contains a number of other, more hygroscopic components such as magnesium chloride. As a result, sea-salt particles remain liquid to much lower relative humidities than pure NaCl. 106, 107 The most relevant model for reactions of organic layers, including biologically-derived materials such as phosphocholines, on sea-salt particles may thus be an organic film on a core of a liquid salt solution. In this case, reaction probabilities for O 3 with the double bond equal to 3 Â 10 À6 or greater 42, 43 are appropriate.
In some circumstances, however, sea-salt particles may be more solid-like. For example, recent studies of mixed organic-aqueous inorganic particles suggest that the organic portion may be phase-separated from the aqueous component. [36] [37] [38] [39] Organics on such particles may behave more like POPC on the substrates used in the present studies. In this case, a reaction probability of 6 Â 10 À7 should be applicable, giving a predicted lifetime of POPC of 3 hours for an ozone concentration of 2.5 Â 10 12 molecules cm À3 (100 ppb). The lifetime will be much shorter, B30 min or less, if the POPC forms a fluid coating on a liquid substrate. During the daytime, sunlight will induce additional chemistry due to OH formation and halogen activation.
108,109

Conclusions
These studies show that the reactivity and products of oxidation of unsaturated phospholipids on sea-salt particles in air will be very sensitive to the nature of the substrate, particularly its phase, the availability of water and whether there is phase separation between the organic and the salt mixture. In all cases, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), a component of biological systems, will be readily oxidized by gas phase ozone when it is present on the surface of sea-salt particles. The models for sea salt used here, a commercially available salt mixture and MgCl 2 Á6H 2 O/NaCl, are hygroscopic and retain water under mild pumping. The presence of water associated with the salts affects the product distribution from the ozonolysis, with the yield of the SOZ falling to r50% compared to much higher SOZ yields for NaCl as a substrate. 28 The addition of water vapor further decreases the branching 
